Abstract: Nanoscale iron particles (NIPs) have recently been shown to be effective for dehalogenation of recalcitrant organic contaminants such as pentachlorophenol and dinitrotoluene in the environment. However, the effective transport of NIPs into the contaminated subsurface zosnes is crucial for the success of in situ remediation. Previous studies have shown that the transport of NIPs in soils is very limited and surface modification of NIPs is required to achieve adequate transport. This paper investigates the transport of lactate-modified NIPs (LMNIPs) through four different sand porous media. A series of laboratory column experiments was conducted to quantify the transport of bare NIPs and LMNIPs at two slurry concentrations, 1 and 4 g=L, under two flow velocities. The NIPs used in this study possessed magnetic properties; thus, a magnetic susceptibility sensor system was used to monitor the changes in magnetic susceptibility (MS) along the length of the column at different times during the experiments. At the end of testing, the distribution of total Fe in the sand column was measured. Results showed a linear correlation between the Fe concentration and MS, and that was used to assess the transport of NIPs and LMNIPs in the sand columns. Results showed that LMNIPs transported better than the bare NIPs, and a higher concentration of 4 g=L LMNIPs exhibited uniform and greater transport compared with other test conditions. Transport of NIPs increased in the following order: coarse Ottawa sand . coarse field sand . medium field sand . fine Ottawa sand. Filtration theory and the advective-dispersion equation with reaction were applied and able to reasonably capture the transport behavior of NIPs and LMNIPs in the sand columns.
Introduction
Nanoscale iron particles (NIPs) are being used in the development of innovative pollution prevention and contaminant remediation technologies because of their unique physicochemical properties; that is, their high surface-to-volume ratio and high reactivity. In particular, NIPs have been found to be best suited for the decontamination of varieties of organic contaminants, such as pentachlorophenol, dinitrotoluene, trichloroethylene, and chlorophenols, in subsurface environments because NIPs reactivity with chlorinated organic contaminants is fast and results in their complete degradation (Choe et al. 2001; Yang et al. 2007; Darko-Kagya et al. 2010a, b; Cao et al. 2005; Cheng et al. 2007; Liu et al. 2005a, b; Okinaka et al. 2005; Wang and Zhang 1997) .
The effectiveness of using NIPs for subsurface remediation relies heavily on their ability to remain stable (i.e., limited adsorption of NIPs to surface of porous media, limited aggregation of NIPs, and limited sedimentation of NIPs) while being delivered to the specific contaminated soil and groundwater zones. NIPs tend to agglomerate within a very short period of time because of their size and high van der Waal and magnetic forces Kanel and Choi 2007; Nurmi et al. 2005; Phenrat et al. 2007; Sarathy et al. 2008) . Magnetic attractive forces between NIPs have been identified as the major cause of aggregation . As this aggregation progresses with time, the size of the newly formed aggregates increases and the NIPs tend to settle (i.e., NIPs sedimentation) .
Studies investigating the ability to modify the surface of the particles with various dispersants, such as carboxy-methyl-cellulose (CMC), guar gum, and starch Tiraferri et al. 2008; Shih et al. 2009; He et al. 2009; Hydutsky et al. 2007; Schrick et al. 2004) , surfactant Tween 20 (Kanel et al. 2008) , and organic matter (Johnson et al. 1996) , have suggested an increase in the stability, dispersivity, and mobility of NIPs in porous media. Recently, the authors found that environmentally benign lactate is effective for the dispersion of NIPs and recommended the use of lactate-modified NIPs (LMNIPs) for subsurface contaminant remediation (Cameselle et al. 2013; Darko-Kagya et al. 2010a, b) .
Transport of nanoparticles is a dynamic process that depends on the deposition rate, particle size and shape, solution and particle surface chemistry, flow rate, porosity, and size and shape of porous media (Lecoanet et al. 2004; Kanel and Choi 2007; Yang et al. 2007; Zhan et al. 2008) . To model the transport of nanoparticles, both the modified conventional advection-dispersion equation (Johnson et al. 1996) that predicts the transport of nanoparticles and the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory (He et al. 2009; Kanel et al. 2008; Tiraferri and Sethi 2009 ) that predicts the extent of transport and attachment efficiency of the nanoparticles in porous media have been used. This paper investigates the transport of bare NIPs and newly developed LMNIPs in porous media. Laboratory column transport experiments were conducted using different sands, slurry concentrations of NIPs and LMNIPs (1 and 4 g=L), and flow velocities. The real-time transport of NIPs and LMNIPs was monitored using a magnetic susceptibility (MS) sensor system. The Fe concentrations within the effluent at different time periods and Fe distribution within the sand column were used to assess the transport behavior of NIPs and LMNIPs. The advective-dispersion equation with reaction (ADER) and filtration theory were examined to capture the transport behavior of NIPs and LMNIPs in sand columns.
Theory

ADER
The contaminant fate and transport models incorporate advection, dispersion, sorption, and reactivity and are derived based on principle of conservation of mass (Fetter 1999; Sharma and Reddy 2004) . The transport of NIPs is modeled using the one-dimensional ADER, as shown in Eq. (1)
where C 5 NIP concentration; V 5 fluid velocity; t 5 time; D 5 dispersion coefficient; R 5 retardation coefficient; l 5 first-order rate constant; and x 5 flow length in porous media. Consider the initial and boundary conditions
and also consider the first-order reaction and linear sorption isotherm. The solution of Eq. (1) is given by
where a 5 dispersivity coefficient related by D 5 aV. The retardation factor can be obtained using Eq. (4)
where r d 5 bulk density of solids; n 5 porosity of media; and K d 5 linear partitioning coefficient given by K d 5 S=C, where S is the amount of particles sorbed per unit weight of solid. The first-order reaction rate constant can be expressed as
where C e 5 effluent NIP concentration at flow length in porous media of L; and C 0 5 influent NIP concentration.
DLVO Theory
The DLVO theory shows that the main forces found between two particles in a liquid medium are based on van der Waal and double layer forces. From the classical filtration theory, particle deposition on porous media has been reported in the published literature to be caused by (1) Brownian diffusion, interception, and gravitational sedimentation (transport of particles to the collector surface), and (2) deposition of particles to the surface of the media particles (He et al. 2009; Kretzschmar et al. 1999) . The total single collector efficiency was described to be the algebraic sum of the single collector of Brownian diffusion, interception, and gravitation deposition expressed as (Tufenkji and Elimelech 2004) 
where h 0 5 total single collector efficiency; h d 5 efficiency from Brownian diffusion; h i 5 efficiency from interception; and h g 5 efficiency from gravitation sedimentation. The mass transfer of the particles can be affected by parameters such as particle size, pore fluid velocity, and surface area of the porous media. However, the surface chemistry and solution have the potential to affect the kinetics of particle deposition (He et al. 2009; Kretzschmar et al. 1999 ). Attachment efficiency is considered the particle deposition collector rate divided by the rate of collisions with that collector. This was reported as a function of van der Waal forces, electrical double layer interactions, hydration forces, and particle hydrophobicity. The particle attachment efficiency can be estimated using (Tufenkji and Elimelech 2004; Lecoanet et al. 2004; He et al. 2010 )
where d c 5 diameter of the collector (assumed to be spherical) in the porous medium; n 5 porosity; L 5 length of the porous medium; C and C 0 5 NIP concentration present at L and L 0 , respectively; and h 0 5 clean bed single collector efficiency. The extent or length of transport of NIPs is estimated assuming C=C 0 5 0:01 as follows:
The total single collector efficiency can be calculated from Eq. (6), which requires input of the collector diameter, Haymaker constant, pore velocity, fluid density, fluid viscosity, porosity, particle density, particle size, and temperature. The effluent NIP concentration is also needed to calculate the parameters.
Materials and Methods
NIPs
The NIPs used in this study were obtained from Toda Kogyo (Tokyo, Japan). Based on X-ray diffraction methods, the NIP was found to consist of an elemental Fe core (a-Fe) and a magnetite shell (Fe 3 O 4 ) as shown in Fig. 1(a) . The approximate composition of the NIP was 50 wt% a-Fe core and 50 wt% Fe 3 O 4 . The particles had an average diameter of 70 nm (with a range of 50-300 nm), pH 10.7, and Brunauer, Emmett, and Teller (BET) surface area of 37:1 m 2 =g [ Fig. 1(b) ]. The density of the aqueous NIP particle suspension was 1:27 g=mL at a solids concentration of 25.6 wt%. The sulfur content was approximately 4,500 mg=kg and originates from the ferrous sulfate starting material used in the production of NIPs. These particles are manufactured in bulk and are presently available at a cost of US$50-60/kg. These particles were selected for this study because of their nontoxic characteristics, relative low cost, and easy availability in the quantities required in a typical remediation project. This type of NIP is also free of boron (a contaminant of environmental concern), which may coexist with those NIPs that are synthesized by other chemical methods that use borohydroxide.
The main properties of NIPs are summarized in Table 1 . It is interesting to note that these NIPs possess electromagnetic properties (Okinaka et al. 2005; Liu et al. 2005a, b) . Because of these magnetic properties, the magnetic susceptibility of soil may change as the NIPs are transported in the soil. This indicates that the movement or mobility of NIPs can be tracked or monitored with the help of a magnetic susceptibility sensor.
Porous Media
Four different types of sands were used in this study to represent various porous media. The four types of sand were named as brown coarse field sand (CFS), brown medium field sand (MFS), gray coarse Ottawa sand (COS), and gray fine Ottawa sand (FOS). The grain size distributions of these sands are shown in Fig. 2 . CFS, MFS, and COS are classified as poorly graded sand (SP) and FOS is classified as SP-SM, or poorly graded sand with silt, per the Unified Soil Classification System (USCS). The properties of the sands are summarized in Table 2 . CFS contained about 1% organic content, whereas all other sands were free of any organic matter.
Chemicals
Aluminum lactate used for the surface modification of NIPs was obtained from Aldrich CAS-18917-91-4 (St. Louis, Missouri). The electrolyte used to simulate groundwater contained 0.006 M of sodium bicarbonate, 0.002 M of calcium chloride, and 0.001 M of magnesium chloride. The pH, total dissolved solids, and electrical conductivity of the electrolyte solution were 7.75, 500 mg=L, and 1,020 mS=cm, respectively (Table 3) .
Test Setup, Variables, and Procedure
A series of transport experiments was performed in a onedimensional bench-scale test setup, shown in Fig. 3 . The setup consisted of a soil column, two porous stones, two 0:45-mm cellulose filter papers, a reservoir, and Tygon tubing. The soil column was made of Plexiglas with an inside diameter of 3.8 cm and a length of 13.2 cm. A Marriot tube with a diameter of 4 cm, made of Plexiglas, was used as the inlet reservoir to maintain the desired constant hydraulic head throughout the experiment. The height of the reservoir could be adjusted to apply any desired constant hydraulic head condition.
The first series of transport experiments included tests on all four soils with 4 g=L NIPs and 4 g=L LMNIPs (with 10% aluminum lactate based on the dry mass of NIPs) under a constant flow velocity of 0:75 cm=min. In the second series of transport experiments, two tests were conducted using soil CFS with 4 g=L NIPs and 4 g=L LMNIPs (with 10% aluminum lactate based on the dry mass of NIPs) under a higher flow velocity of 1:2 cm=min. The third series of transport experiments was conducted using the soil CFS with a lower concentration of 1 g=L NIPs and 1 g=L LMNIPs under a flow velocity of 0:75 cm=min.
The test soil was placed in the cell in uniform layers and compacted with a tamper to ensure uniform packing. Before the start of each experiment, 200 mL of electrolyte was flushed through the cell to fully saturate the soil column. The electrolyte in the reservoir was replaced with the selected NIP or LMNIP slurry and allowed to flush through the soil. A total of 1 L of NIP or LMNIP solution with a predetermined concentration (approximately equal to 20-25 pore volumes) was prepared and added periodically to the inlet reservoir during each experiment. NIP and LMNIP solutions were constantly shaken to avoid immediate settling of the Fe particles. The effluent samples were collected in 120-mL Nalgene bottles (approximately every three pore volumes) for analysis. At the end of each experiment, the soil was extruded from the column and sectioned into four parts. The soil sample from each section was visually observed and photographed, and the total Fe concentrations were measured using acid digestion and atomic absorption spectrometry (AAS).
The soil columns were visually examined and photographed to estimate the extent of transport of NIPs and LMNIPs during the testing, as well as in the soil sections after the testing. The color of NIPs was black, so it was easier to observe the change in color in the soil and effluent samples. The soil sections with high Fe concentrations exhibited a darker shade of black in contrast to the soil sections with low Fe concentrations that exhibited a lighter black color. Similar observations were made on the effluent samples.
MS Sensor System
MS sensor system is a fast, nondestructive system that has been used to monitor and detect Fe-bearing minerals and metal pollutants in soils and sediments (Chan et al. 1998; Yim et al. 2004; Paradelo et al. 2009 ). However, as of now, no studies have investigated the ability to monitor the mobility of NIPs in soils with a MS system. NIPs possess magnetic properties and can respond to the presence of an applied magnetic field; this characteristic can be exploited for realtime monitoring of NIP transport in soils. In this study, a Bartington MS2 MS system (Oxfordshire, U.K.) was used for monitoring real-time transport of the NIPs and LMNIPs in the soil columns. The system consisted of a meter equipped with a 130-mm sensor mounted on a specially designed retractable stand that can be moved manually back and forth along the length of the soil column (Fig. 3) . MS measurements were taken at 10-mm intervals along the length of the soil column starting from the inlet. Before the start of the experiment, the susceptibility meter was zeroed, the sample was positioned under sensor at the desired location of the sample, and the MS value was measured and saved on a computer. The measurements were taken at specific time intervals while the NIP solution flowed through the soil. The extent and transport of NIPs were inferred based on the MS increase across the soil sample length.
MS is the ratio of magnetization to the applied magnetic field, and it measures how a magnetic material responds to the presence of a magnetic field. When soil comes near magnetic field, it is magnetized according to the amount of Fe present in the soil. The presence of more Fe per unit volume in the soil will result in higher MS values and vice versa.
The magnetic condition of a soil is mostly described by the following equation: where B 5 flux density of the soil (T); m 0 5 permeability of free space (NA 22 , which is a constant: 4p 3 10 27 ); H 5 applied field strength (Am 21 ); and M 5 magnetization of the soil (Am 21 ). Dividing Eq. (9) by H results in
where m 5 permeability of the soil (NA 22 ); and k 5 volume MS of the soil, which is defined as
k can be obtained by rearranging Eq. (10) as
k is a dimensionless quantity commonly used for monitoring of Fe in soil. It should be noted that mass or specific susceptibility (x) is also used, given as
where r 5 density of the soil. MS has units of cubic meters per kilogram (Blum 1997) , whereas the volumetric magnetic susceptibility (k) is a nondimensional value that is used in this study.
Results and Discussion
NIP and LMNIP Transport Fig. 4 shows the variation in the final Fe concentration from the inlet to the outlet of the column in the CFS soil tested with NIPs and LMNIPs at two concentrations (1 and 4 g=L) under a flow velocity of 1:2 cm=min. The concentration of Fe was higher at the inlet section and then decreased with the increase in distance away from the inlet. For the 4 g=L bare NIP test, the Fe concentration was the highest in the section close to the inlet, but it decreased drastically away from the inlet. This indicates that the bare NIP was able to be transported into the soil initially when it was dispersed, but then it aggregated, adsorbed, and settled, limiting any further transport away from the first section. However, the 4 g=L LMNIP test showed that the Fe concentration increased throughout the column from the inlet to the outlet. Fe was also found in the effluent during this test, which indicates that Fe was transported effectively through the soil. This enhanced mobility and transport was attributed to the surface modification of NIP with lactate. In the tests with 1 g=L bare NIPs and LMNIPs, a similar trend in Fe concentration was observed. However, the effect of 1 g=L LMNIPs was not significantly higher than that of the 1 g=L bare NIP test. These results indicate that the low amount of lactate present in 1 g=L LMNIPs was inadequate to disperse the NIPs and make it stable long enough to cause enhanced NIP transport.
Correlation of Fe Concentrations with MS Values
The final Fe concentrations in the soil sections and the change in MS values measured at the midlocations of the soil sections just before the termination of the tests were used to investigate the correlation between the Fe concentrations in soil and change in MS values. The measured Fe concentrations and the change in MS values for the tests conducted with CFS under various tested conditions (bare NIPs and LMNIPs at concentrations of 1 and 4 g=L under flow velocities of 1.2 and 0:75 cm=min) were used individually for correlations. The results shown in Table 4 indicate that the changes in MS values correlate linearly with a regression coefficient of 0.68-0.99.
Furthermore
test results with NIPs and LMNIPs for each flow velocity were used to investigate correlation between the change in MS values and Fe concentrations, and, as shown in Fig. 5 , a linear correlation was evident even for these cases. This strong correlation between heavy metal concentrations and MS in soils was also reported by other researchers (Spiteri et al. 2005; Desenfant et al. 2004) . As a good linear correlation was established between the change in MS values and Fe concentrations in the soil, the measured MS values, taken at different times during the testing, allowed investigating the transient transport behavior of bare NIPs and LMNIPs in the tested soils.
Transient Transport of NIPs and LMNIPs
Initial baseline tests were conducted with each soil where the electrolyte representing groundwater alone was flushed through the soil columns and the MS was measured at different times. The purpose of these tests was to assess the presence and transport of easily leachable native iron in these soils. The test results shown for all four sands in Fig. 6 reveal that no significant leachable iron was present in (Fig. 7) , the MS values increased over time near the inlet locations under continued flushing, but did not increase at distances away from the inlet location. These results show that the NIPs were transported into the soil. However, they agglomerated, adsorbed, and settled in the sections close to the inlet, thus causing no further transport toward the outlet. That increase in MS values occurred up to the normalized distance from inlet with respect to total column length of about 0.5 in MFS, COS, and CFS and limited to 0.35 in FOS. The maximum change in MS values occurred in COS, followed by MFS, CFS, and FOS. These results clearly demonstrate that the transport of bare NIPs depends on the porous media (sand type), but the transport is limited in all media because of aggregation, sorption/adsorption, and settlement characteristics of bare NIPs. Most of the transport occurred when the well-mixed injected NIPs were initially dispersed in the flushing solution over a limited period of time.
The tests with LMNIPs (Fig. 8) show that the MS values were higher than that found in the bare NIP tests (Fig. 7) 
that point. For example, the MS value at normalized distance of 0.5 for 4 g=L LMNIPs was 36 3 10 25 SI units, whereas that of 4 g=L bare NIPs was 8 3 10 25 SI units. Aluminum lactate enhanced the mobility and transport of the NIPs through the soils as the LMNIP was transported more effectively than bare NIPs. As aluminum lactate forms a film around the NIPs, it reduces the sticking coefficient, the aggregation, and the attachment to soil particles. For 10% aluminum lactate, the surface charge of the NIPs also drops from a positive value to a negative value (Cameselle et al. 2013 ). The negative charge reduced the sorption/absorption of NIPs to the negatively charged particles present in the soil. with 4 g=L LMNIPs compared with 4 g=L bare NIPs, demonstrating that the LMNIPs transported effectively. Although the MS values were increased from near the inlet to the midlocation of the column, thereafter, the MS values were similar to the initial values. These results demonstrate that the bare NIP transported initially and then aggregated, adsorbed, and settled completely within the soil.
Effect of NIP or LMNIP Concentration
Effect of Porous Media
The testing of four different sands allowed an investigation of the effect of porous media on the transport of NIPs and LMNIPs. The concentrations of Fe in both the effluent and soil at the end of each test were determined by acid digestion and atomic absorption spectrometry (Darko-Kagya 2010). Very small amounts of Fe particles were eluted in tests with bare NIP using each media. In the LMNIP experiments, the Fe started to breakthrough from the COS column after two to three pore volumes, and about 340 mg=L Fe was measured after 23 pore volumes. In the case of the MFS column, the Fe breakthrough was observed after six pore volumes and about 280 mg=L Fe was observed after 23 pore volumes. However, in the case of FOS, the breakthrough of Fe was delayed until after 13 pore volumes and reached a concentration close to 100 mg=L after 23 pore volumes.
The Fe concentration distribution in the soil after the testing shows that a high amount of Fe was retained at the inlet, whereas a low amount of Fe was present at the outlet. The difference in the amount of Fe retained between the inlet and the outlet for COS and CFS for bare NIP tests was much higher than occurred in the LMNIP tests. Most of the NIPs were retained in the first section of the column in the bare NIP tests. In the case of MFS and FOS, the difference in the amount of Fe retained between the inlet and the outlet was higher for the LMNIP test than for the NIP test. This might be because of the fact that more NIPs settled at the bottom of the reservoir and did not reach the first section. However, in the case of LMNIPs, the lactate helped in the suspension of the particles and served as a carrier vehicle to the soil, but was retained within the first section of the soil column. In all cases, there was a strong positive correlation between the change in the MS and the Fe concentration at the end of the experiments. Consequently, the transient transport of NIPs and LMNIPs in the different tests was further assessed based on the measured changes in MS values with elapsed time.
The results of the column tests with four different sands with flushing of the electrolyte alone, 4 g=L bare NIPs, or 4 g=L LMNIPs at flow velocity of 0:75 cm=min were examined to assess the effects of porous media on the transient transport of bare NIPs and LMNIPs. Fig. 6 shows the MS reading measurements for each porous media in the baseline tests using the electrolyte only flushing solution (i.e., without NIPs). No significant variation along the length of the column was observed, which indicated that no Fe transport occurred in any of the sand types tested. Fig. 7 shows the transport of bare NIPs in different sands based on the change in MS values with elapsed time. The highest transport of NIPs occurred in COS, whereas FOS experienced the lowest transport of NIPs. Similar trends were seen with the case of LMNIPs, as shown in Fig. 8 . For example, the MS value at a normalized distance of 0.7 for COS was about 56 3 10 25 SI units, whereas the MS value at the same normalized distance for FOS was 8 3 10 25 SI units (Fig. 8) . The trend of increasing order of transport was COS . CFS . MFS . FOS, with MS values at a 0.7 normalized distance of 58 3 10 25 . 20 3 10
25
. 15 3 10 25 . 8 3 10 25 , respectively. The low transport of NIPs in FOS is caused by the very fine particles of D 10 5 0:075 mm and D 50 5 0:13 mm, which provided small pore spaces for the particles to be transported through. In comparison, the D 10 and D 50 for COS are 0.44 and 0.55 mm, respectively, which produce larger pore spaces than those in the FOS.
There was a significant difference in the transport of NIPs and LMNIPs for all sand types, with the exception of FOS. This difference was because of the presence of aluminum lactate, as mentioned already. There was not much difference between the NP and LMNIP tests in the case of FOS, possibly because of the fine particle sizes that provided a low permeability porous media. The low permeability of the porous media restricts the ease of transport of NIPs or LMNIPs and causes settlement within the inlet reservoir. The particles may also aggregate and increase in size, which makes it difficult to transport through the fine pores because of possible straining. The particles settled faster with NIPs. Although the LMNIPs were initially dispersed, the particles tended to settle after some period of time, as also reported by Phenrat et al. (2007) .
The study showed that, although the permeability of COS is the highest among all the porous media tested, it is reduced with time. The highest permeability of COS is caused by its high porosity, which is also responsible for an increase in particle transport. The porosity and permeability of the FOS was the lowest. The permeability of sand columns subject to NIPs was lower than the ones subject to LMNIPs, indicating that the pores of the sand column likely clogged with time. When the pores are clogged, they prevent further transport as later particles are unable to move through the pores.
Effect of Flow Velocity
Flow velocity is a critical parameter that can directly affect the transport of NIP through subsurface soils and the potential for effective remediation. and LMNIPs yielded higher MS values than the ones resulting from 1 g=L NIPs and LMNIPs. For a flow velocity of 1:2 cm=min, MS values near the inlet were about 118 3 10 25 SI units for 4 g=L NIPs and 38 3 10 25 SI units for 1 g=L NIPs. In the case of 4 g=L NIPs, the MS values were high near the inlet and dropped drastically just before the midsection of the soil column. However, in the case of 4 g=L LMNIPs, the MS values at the inlet were initially lower than the MS values for 4 g=L bare NIPs, but there was a gradual decrease in the MS values away from the inlet, indicating that the particles had been transported relatively further and than that found in the test with the bare NIPs.
An increase in the flow velocity or hydraulic gradient was found to increase the extent of transport of the bare NIPs. For example, for 4 g=L bare NIP tests and at a normalized distance of 0.6, the MS value was 18 3 10 25 SI units for a flow velocity of 1:2 cm=min compared with a MS value of 6 3 10 25 SI units for a velocity of 0:75 cm=min. Similarly, for 4 g=L LMNIP tests and a normalized distance of 0.6, the MS value was 32 3 10 25 SI units for flow velocity of 1:2 cm=min compared with a MS value of 20 3 10 25 SI units for velocity of 0:75 cm=min. These observations indicate that particles are able to be transported further under higher flow rates than under the lower flow rate, an observation also reported by Kanel and Choi (2007) for NIPs modified by another type of dispersant. The effect of the flow velocity (hydraulic gradient) can also be observed at lower NIP concentrations. The MS values at normalized distance of 0.5 for the 1 g=L NIP test and 1 g=L LMNIP test with a flow velocity of 0:75 cm=min were 4 3 10 25 and 16 3 10 25 SI units, respectively, indicating that the mobility of 1 g=L NIPs was almost the same as 1 g=L LMNIPs. Thus, at a low flow velocity, there is no significant enhanced transport of low concentration LMNIPs. However, at a higher flow velocity, the low concentration LMNIPs transported better than the bare NIPs. The MS values for 1 g=L NIPs and 1 g=L LMNIPs at a velocity of 1:2 cm=min were about 9 3 10 25 and 11 3 10 25 SI units, respectively, indicating that higher flow rate resulted in better transport of particles compared with that under the low velocity condition.
Visual observations also revealed that particles traveled further from the inlet at flow velocity of 1:2 cm=min than at a velocity of 0:75 cm=min. This observation was possible because of the dark color contrast of the Fe.
pH and Electrical Conductivity Variations
The pH and electrical conductivity of the column effluent samples were measured using an Orion pH meter and conductivity meter (Darko-Kagya 2010) .The pH of the column effluent in the baseline tests (without using NIPs) conducted on each porous media was almost stable at about 8.0. For the experiments using NIPs, the pH values of MFS and COS tests were slightly higher than the pH of the baseline test, but this trend was reduced as the number of pore volumes increased. There was no difference in the pH in the case of the FOS tests. For the experiments using LMNIPs, the pH was much lower than that of corresponding experiments using bare NIPs as a result of the acidity of the aluminum lactate. The pH ranged between 5.5 and 6.0, 7.0 and 5.8, and 2.0 and 5.0 for COS, MFS, and FOS, respectively. In all of the tests, the electrical conductivity increased with the number of pore volumes until it reached a constant value after 5-10 pore volumes of solution collected. The conductivity values of the LMNIP tests were much greater than that of NIP and baseline tests. The conductivity value of the NIP and baseline tests was similar, whereas the conductivity values for LMNIP tests were higher (Darko-Kagya 2010).
Transport Modeling
ADER
The one-dimensional column experiments were modeled using the ADER (Sharma and Reddy 2004; He et al. 2009 ). Eqs. (1)- (5) provide the governing equation and analytical solution. The experimental values were fitted using the model to obtain transport parameters such as retardation factors, distribution coefficient, and first-order decay constant. The estimated parameters obtained for each test are summarized in Table 5 .
Figs. 12 and 13 show a comparison of the experimental results with the model results for the different sands with NIPs and LMNIPs, respectively, under a constant flow rate of 0:75 cm=min.
Figs. 14 and 15 show the comparison of the experimental and model results under different flow velocities and NIP or LMNIP concentrations, respectively. All of these results indicate that ADER reasonably predicts the experimental results. The dispersion was high for all LMNIP tests compared with NIP tests (Table 5 ), indicating that lactate modification enabled dispersion and enhanced transport. For the COS-LMNIP test, the highest dispersion coefficient was obtained: 60 cm 2 =min. The dispersion coefficients at high flow velocity were also high compared with the ones at a low flow rate.
The FOS soil type showed high retardation factors, which can be attributed to low transport of the NIPs through the soil. In all tests, retardation factors were higher for bare NIPs than for LMNIPs. Similarly, the retardation factors were high for a flow velocity of 0:75 cm=min compared with a flow velocity of 1:2 cm=min. For example, the retardation factor for the 4 g=L test with LMNIPs at a flow velocity of 0:75 cm=min using CFS was 60. However, the retardation of the same test at a flow velocity of 1:2 cm=min was 40, which is about one-third less. A high retardation factor implies the particles are being delayed from exiting the porous media in the effluent. In the case of NIPs, the longer the particles are delayed, the more they are likely to agglomerate and adsorb and settle, making it difficult to be transported or migrate. The decay constant was low in the COS-LMNIP and CFS-LMNIP tests. For all other tests, the decay constant was about the same.
DLVO Theory
The attachment and single collector efficiency were estimated using the DLVO theory [Eqs. (6)- (8)]. The single collector efficiency and attachment efficiency were determined by using the Tufenkji and Elimelech (TE) correlation equation (Tufenkji and Elimelech 2004) . The input parameters were collector diameter, fluid approach velocity, particle density, fluid density, fluid viscosity, temperature, Hamaker constant, porosity, length of filter bed, and effluent concentrations. These parameters were selected based on the breakthrough curves obtained during the experiments with different types of porous media. The Hamaker constant was estimated from the studies reported by Tiraferri and Sethi (2009) . The viscosity was, however, estimated from Kanel et al. (2008) . The TE correlation equation (Tufenkji and Elimelech 2004 ) was used to determine the attachment coefficient, single collector efficiency, depositional rate, and maximum distance. The input parameters, including the particle size, collector diameter, porosity, and velocity, selected for all of the tests conducted in this study are summarized in Table 6 .
The DLVO model can be used to calculate the attachment and single collector efficiency as well as the extent of transport, and the results are summarized in Table 7 . For the experiments conducted with flow velocity of 0:75 cm=min, the attachment efficiency ranged from 0.1 to 0.93, depending on the type of porous media and NIP or LMNIP concentration. Similarly, the overall single collector efficiency ranged from 0.0287 to 0.0798. The results indicate that single collector efficiency was dominated by Brownian diffusion compared with interception and sedimentation. The contribution of interception and sedimentation were minimal, and the attachment coefficient values were high for all of the bare NIP tests. This indicates that the particles in the bare NIP experiments had a stronger tendency of being retained on the surface of the collector particles and other NIPs than those in the LMNIP tests. The depositional rate is higher with bare NIPs than that of LMNIPs. This might be because of an increase in density because the bare NIP agglomerates easily. When the particles become dense, they settle in the solution. The estimated travel distance of particles was also determined using Eq. (8) and assuming 99% removal. The estimated travel distance varied from 0.11 to ∼0:4 m. The highest estimated travel distance was with COS soil, whereas the lowest one was with FOS soils, which is in agreement with experimental transport results in the FOS soil.
The attachment coefficient varied with the flow velocity. High flow velocity exhibited a higher attachment efficiency than found in the case of low flow velocity. This indicates that more particles were attached to the porous media under a high flow condition. The highest attachment efficiency was 1.34 with 1 g=L NIPs at a velocity of 1:2 cm=min and the lowest value of 0.047 was with 4 g=L LMNIPs at a velocity 0:75 cm=min. Similarly, Brownian diffusion was found to be the dominant transport mechanism. The depositional rate constant was higher with the NIP test than the LMNIP test. However, the single collector efficiency was high at a flow velocity of 0:75 cm=min. The estimated distances show that the LMNIP particles at a flow velocity of 1:2 cm=min have the potential to transport further than that of NIPs and also that of the LMNIPs at a flow velocity of 0:75 cm=min. At a flow velocity of 1:2 cm=min, the 4 g=L LMNIP estimated transport distance was about 0.42 m. However, the estimated transport distance reduces to 0.38 m at a flow velocity of 0:75 cm=min. The 1 g=L LMNIPs at a flow velocity of 1:2 cm=min result in an estimated transport distance of 0.34 m, but the estimated transport distance becomes 0.16 m with 1 g=L NIPs at the same velocity of 1:2 cm=min.
The effect of flow velocity and porosity on the attachment efficiency and depositional rate were further investigated using parameters from the COS-LMNIP test. To evaluate the effect of flow velocity, all the other parameters were held the same with the exception of the flow velocity. Fig. 16 shows that as the flow velocity increased, the attachment efficiency and rate of deposition also increased. For example, when the flow velocity increased from 6:25 3 10 25 to 1:25 3 10 23 m=s, the attachment efficiency increased from 0.2 to 1.4. Similar observations were made in a study reported by Jaisi and Elimelech (2009) , who noticed that an increase in velocity provokes an increase in deposition rate coefficient. Porosity was also varied while all the other model parameters remained constant. The effect of porosity was significant on the transport of particles, as observed with the modeling equation. A change in porosity immediately triggers changes in the attachment efficiency and deposition rate coefficient. The attachment efficiency increases with an increase in porosity. On the other hand, an increase in porosity results in a decrease in deposition rate coefficient. This might be because of the fact that an increase in porosity will increase the pore size, allowing the particles to move through with ease.
Conclusions
Laboratory tests were conducted to study the mobility and transport of NIP and LMNIP in different porous media (different sands) under different slurry concentrations and flow velocities, in view of their application to in situ remediation of soils and groundwater. MS measurements and Fe concentrations were determined to compare the transport of NIP and LMNIP under the different experimental conditions. Based on the experimental results, the following conclusions were drawn:
• Tests using LMNIP showed enhanced transport of iron particles through soils. This was observed in all of the different porous media used. From visual observation, the soil in the experiments that contained aluminum lactate showed a uniform dark color that indicates the Fe particles were transported through the entire soil column. The measured iron concentrations in the soil and effluent confirm this.
• Aluminum lactate reduces agglomeration of NIP, thereby enhancing dispersion and transport of NIP in soils. The transport of NIP was found to be high in the 4 g=L LMNIP test.
• Increase in flow velocity caused an increase in the transport of NIP and LMNIP.
• A significant correlation was observed between magnetic susceptibility and Fe concentrations in both NIP and LMNIP tests. Therefore, MS monitoring can provide real-time data on the transport and distribution of NIP in soils. 
